Intermediates of production of two batches of traditional mozzarella cheese were analyzed by culture-independent pyrosequencing. The quantitative distribution of taxa within the samples suggested that thermophilic lactic acid bacteria from the natural starter were mainly responsible for the fermentation, while microorganisms found in raw milk did not develop during fermentation.
M
ozzarella is perhaps the most popular nonripened cheese. Traditional mozzarella is mainly produced in southern Italy from water buffalo's milk, even though it is widely exported and also industrially produced in other countries. The technology of its manufacture has been described in detail in previous works (11, 14) . The cheese is made from whole raw water buffalo's milk by adding a natural whey culture (NWC) (from the batch of the previous day) as starter in a 5-h curd fermentation. The specific characteristics of the final product arise mainly from the raw materials employed, the agri-ecosystem of the area of production, and the traditional technology of the manufacturing process. The use of raw buffalo's milk and the NWC in the process have so far been recognized as strong points of traditional mozzarella production, because premium-quality products arise as result of fermentation by the specific microbiota of raw milk and NWC. Due to the use of microbiologically complex raw materials, the traditional cheese-making processes are the most difficult to control, and it is of interest to develop reliable methods to monitor the fermentation in order to standardize the process for high-quality products while preserving their typical traits. The microbiota of mozzarella cheese has been studied in the past by culture-independent fingerprinting without identification of microbial taxa (9, 14) . However, the microbiota involved in buffalo mozzarella production has never been thoroughly assessed by microbial species identification, although the complexity of the microbiota is recognized on the basis of culture-based microbiological determinations (10, 11, 21, 24) . High-throughput-sequencing approaches were recently applied in a few cases to describe the microbiota of food products and have been shown to provide a thorough analysis of microbial diversity, producing much deeper output than more commonly used culture-independent approaches (1, 13, 16, 22, 23) . In this study, intermediates of production of two batches of traditional mozzarella cheese were analyzed by culture-independent pyrosequencing in order to provide insights into the microbiota responsible for the production of this widely appreciated dairy product.
Samples were collected in May 2012 from two dairies producing top-quality traditional water buffalo mozzarella cheese, located in the Campania region (southern Italy) in the provinces of Salerno (Batch 1) and Caserta (Batch 2), respectively. Samples of raw milk (L), natural whey cultures (NWC), curd at the beginning (C 0 ) and at end (C F ) of the ripening, and final mozzarella cheese (M) were aseptically collected, cooled at 4°C, and analyzed within 6 h. Duplicate samples were collected from two batches within the same day of work, and equal amounts of samples were pooled prior to DNA extraction. Raw milk was taken from the vat before manufacturing started; curds at the beginning and end of ripening were taken after 20 min and 5 h after NWC addition, respectively; mozzarella cheese samples were collected from their governing liquid 20 min after molding.
Total DNA extraction from the dairy samples was carried out by using a Biostic bacteremia DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA). The dairy samples were 2-fold diluted in one-quarter-strength Ringer's solution, and the protocol was applied to the pellet (12,000 ϫ g) from 1 ml of suspension. The microbial diversity was studied by pyrosequencing of the amplified V1-V3 region of the 16S rRNA gene by using the primers Gray28F (5=-TTTGATCNTGGCTCAG) and Gray519r (5=-GTNT TACNGCGGCKGCTG), which amplify a fragment of 520 bp (2) . 454 adaptors were included in the forward primer, followed by a 10-bp sample-specific multiplex identifier (MID). Each PCR mixture (final volume, 50 l) contained 50 ng of template DNA, a 0.4 M concentration of each primer, 0.50 mmol liter Ϫ1 of each deoxynucleoside triphosphate, 2.5 mmol liter Ϫ1 MgCl 2 , 5 l of 10ϫ PCR buffer, and 2.5 U of native Taq polymerase (Invitrogen, Milano, Italy). The following PCR conditions were used: 94°C for 2 min, 35 cycles of 95°C for 20 s, 56°C for 45 s, and 72°C for 5 min, and a final extension at 72°C for 7 min. After agarose gel electrophoresis, PCR products were first purified with a QIAquick gel extraction kit (Qiagen, Milano, Italy) and then with an Agencourt AMPure kit (Beckman Coulter, Milano, Italy) prior to further processing. Amplicons were used for pyrosequencing on a GS Junior platform (454 Life Sciences, Roche Diagnostics, Italy) according to the manufacturer's instructions by using Titanium chemistry. Sequences are available at the Sequence Read Archive (project SRP014821).
A first filtering of the results was performed by using the 454 Amplicon signal processing; then sequences were analyzed by using QIIME 1.5.0 software (5). In order to guarantee a higher level of accuracy in terms of OTU (operational taxonomic unit) detection, after the split library script performed by QIIME, the reads were excluded from the analysis if they had an average quality score lower than 25, if they were shorter than 200 bp, and if there were ambiguous base calls. Sequences that passed the quality filter were denoised (25) , and singletons were excluded. OTUs defined by a 97% of similarity were picked using the Uclust method (12) and the representative sequences were submitted to the RDPII classifier (29) to obtain the taxonomy assignment and the relative abundance of each OTU using the Greengenes 16S rRNA gene database (19) . Representative sequences for OTUs showing an incidence above 5% in at least one sample were double checked with the BLAST (BLASTN) search program (http://www.ncbi .nlm.nih.gov/blast/) to confirm the taxonomy assignment made by QIIME. Sequences that were aligned using PyNAST in QIIME (6) were used as input in Mothur 1.26.0 software (27) to generate Good's coverage, Chao1 richness (7), and Shannon diversity indexes (28) . The OTU taxonomy table generated by QIIME was used to produce a heat map by using the clustering software TMeV v4.8 (26) .
The run produced 90,500 reads after 454 amplicon signal quality control; after further filtering protocols, 77,277 reads were obtained, with an average length of 492 bp; the reads are distributed among the samples as reported in Table 1 . The filtering of the sequences eliminated no more than 15% of the reads per sample on average. A total of 511 OTUs were obtained. The rarefaction analysis and the diversity indexes indicated that there was satisfactory coverage of the diversity for the all intermediates of production within the two batches ( Table 1 ). The highest diversity was associated with raw milk samples that also had lower estimated sample coverage. Overall, despite the diversity of sequencing depth between samples, the rarefaction analysis indicated that a number of reads above 2,000 per sample would be advisable to obtain good coverage (Table 1) .
Read length represents a key issue for taxonomic assignment in studies using high-throughput sequencing to study microbial ecology. A taxonomic identification of food microbes to the putative species level is desirable in order to obtain useful information on the succession of the microbiota during food production and storage. To this purpose, long sequence reads, including more variable regions of the 16S rRNA gene, are required for an accurate assignment.
The application of 16S rRNA gene pyrosequencing allowed the determination of the microbial diversity in the intermediates of production of mozzarella cheese and also provided the relative abundance of the taxonomic levels of bacteria detected. The distribution of the OTUs with an incidence above 3% is reported in Fig. 1 , where the evolution of the microbial diversity during the making of mozzarella cheese is shown. The raw water buffalo milk used for both batches displayed a complex microbiota composed of 192 (L1) and 97 (L2) total OTUs, respectively. The most abundant OTUs in both milks were the psychotropic organism Acinetobacter sp. and Pseudomonas sp., with incidences of about 21% and 20%, respectively (Fig. 1) . Lactococcus lactis and Streptococcus macedonicus were also found, with an incidence above 10%, each in L1, whereas Lactococcus sp. represented almost 30% of the OTUs in L2 (Fig. 1) . The most abundant OTUs in the natural starter NWC1 were Streptococcus thermophilus (47%), Lactobacillus delbrueckii (19%), and Lactobacillus helveticus (31%), while S. thermophilus (44%) and L. delbrueckii (41%) were the main OTUs in NWC2. The above OTUs were the most abundant even in the remaining samples collected during processing of each batch (Fig.  1) . The trend of the lactic acid bacteria (LAB) populations were in overall agreement with viable counts of thermophilic and mesophilic LAB (data not shown).
Given the minimum incidence of 0.5% in at least one sample, we considered 33 OTUs and used the percentage of abundance in each sample to generate the hierarchical clustering reported in Fig.  2 . Raw milk samples with the most complex microbiota formed a cluster separated from the other samples, while the intermediates of production formed minor clusters, according to the specific dairy (Fig. 2) . Most of the OTUs occurred in raw milk and not in the samples within each batch (Fig. 2) . In addition, the OTUs associated with each fermentation, and determining the shown degree of similarity between samples are easily detected in the heat map (Fig. 2) . The two batches studied here were from two different provinces in the main area of production. Accordingly, the microbiota associated with the production of buffalo mozzarella cheese and also the aroma profiles of mozzarella have been shown to be dependent on geographic origin (3, 17, 18) . Abundant groups of Gram-negative OTUs, such as Pseudomonas spp. and Acinetobacter spp., as well as other contaminants, such as clostridia, carnobacteria, enterobacteria, and some other streptococci, characterized the microbiota of raw milk (Fig. 2) . It was also noted that L. helveticus specifically occurred in batch 1, while Lactobacillus fermentum was found only in batch 2 (Fig. 2) . Some accessory OTUs also occurred; L. lactis represented 12% of the OTUs in raw milk L1 but was never found beyond 2% during manufacture of batch 1. In contrast, in production 2, L. lactis originated from the NWC2 (11%) and occurred with an incidence of up to 5% in the other samples up to the final product. S. macedonicus and L. lactis occurring as dominant taxa in the raw milk L1 represented only minor populations during processing of the corresponding batch, similar to Lactococcus sp. in L2 (Fig. 2) . Pseudomonas spp. coming from the raw milk also contaminated intermediates of production of batch 2, while some mesophilic lactobacilli occurred in the final mozzarella of dairy 1, including Lactobacillus kefiri and Lactoba- cillus kefiranofaciens (Fig. 2) . The occurrence of such lactobacilli only in the final product can be due to their presence in the governing liquid of mozzarella cheese, which is composed of salted water and whey.
The deep sequencing approach was useful to identify the sources of bacteria in the cheese-making process and to ascertain whether they originated from the milk, the NWC starter, or other sources. The quantitative distribution of the OTUs within the samples suggests that the microbiota involved in the fermentation is carried by the NWC and that the microorganisms present in raw milk do not develop during fermentation. A limited amount of samples was analyzed in this study; in spite of the good sample coverage, the analysis of a greater number of samples from the same dairies and other dairies in the two provinces would further support the results obtained.
The NWCs used as natural starters were characterized in previous studies (10, 11, 15, 17) , and they have been regarded as complex consortia of microorganisms with great importance for driving the fermentation and for determining the quality of the traditional product (14, 17) . In this study, we assessed the microbiota of two premium-quality mozzarella batches representing the principal geographical area of production. Overall, we demonstrated that the microbiota associated with this dairy production is not as complex as previously thought and that a few thermophilic LAB drive the fermentation, while mesophilic LAB such as L. lactis are quantitatively less abundant during manufacture. Therefore, although diversity at the strain level can also play an important role, the complexity of the aroma profiles of mozzarella cheese likely does not arise exclusively from microbial fermentation. Other environmental factors, including farming, specific feeding, and raw milk quality, can impact the aroma of mozzarella cheese (4, 8, 20) , which, together with fermentation, yields the typical traits of the end product.
As shown in this study, the sensitivity of high-throughput sequencing can reveal minor OTUs occurring during cheese making. This can represent an advantage for research purposes in some food-manufacturing processes, when low-quality products arise and reliable monitoring of the microbiological quality is needed in order to detect and identify microbial contaminants and their sources in production intermediates or final products.
